The sequence and analysis of the capsular polysaccharide biosynthesis locus, PS B2, of Bacteroides fragilis 638R are described, and the sequence is compared with that of the PS B1 biosynthesis locus of B. fragilis NCTC 9343. Two genes of the region, wcgD and wcgC, are shown by complementation to encode a UDP-N-acetylglucosamine 2-epimerase and a UDP-N-acetylmannosamine dehydrogenase, respectively.
Bacteroides fragilis is the anaerobe most frequently isolated from intra-abdominal abscesses. The capsular polysaccharide complex (CPC) of the prototype strain, NCTC 9343, is the major virulence factor for abscess formation, and purified CPC induces the formation of abscesses in animal models (8) . The CPC of strain NCTC 9343 is composed of two distinct polysaccharides, polysaccharide A (PS A) and polysaccharide B (PS B) (10) . The repeating units of PS A and PS B each contain both positively and negatively charged groups (19) . The presence of both types of charged groups is required for the induction of abscesses, and other bacterial polysaccharides that have been chemically modified to contain these charged groups also induce abscess formation (17, 18) .
Studies with monoclonal antibodies (MAb) have demonstrated that the capsular polysaccharides of B. fragilis are heterogeneous and that the majority of strains examined produce a CPC composed of two distinct polysaccharides (9, 11) . It is not known whether other strains of B. fragilis synthesize capsular polysaccharides containing both positively and negatively charged groups.
The sequence of the PS B biosynthesis locus of strain NCTC 9343 has been reported (2) . Here, we report the sequence of the PS B biosynthesis region of the most-studied B. fragilis strain, 638R, which produces a CPC that is immunologically distinct from the CPC of strain NCTC 9343. In this study, we determined the genetic relatedness of the PS B biosynthesis regions of two immunologically diverse strains of B. fragilis and revealed that the 638R PS B locus contains genes whose products are involved in conferring charged groups to the polysaccharide.
The PS B biosynthesis locus of strain 638R was located by transposon mutagenesis as described previously (2) . Bacterial strains and plasmids used in this study are listed in Table 1 . Mutant 2-42 did not react with a MAb specific to the CPC of strain 638R, and the B. fragilis DNA at the junction of mutant 2-42 was cloned, creating plasmid pLEC6.1 (2) . This plasmid was used as a probe to select pMJC10 from a 638R cosmid gene bank constructed by using a previously described protocol (2) . Cosmid clones pLEC17, pLEC18, and pLEC19 were selected by using a probe consisting of an internal portion of orf7 of strain NCTC 9343, an open reading frame (ORF) found by PCR to be common to both strains (Fig. 1) .
A total of 26,443 bp were sequenced, revealing 19 ORFs similar to products encoded by genes of other polysaccharide biosynthesis loci ( Table 2) . Comparison of the sequence of this region of the chromosome with that reported previously for strain NCTC 9343 showed that the genes involved in polysaccharide biosynthesis are distinct (Fig. 1) . A region including 2,048 bp of DNA upstream of rmlA was sequenced from strain 638R and was found to be 99.1% identical to the region upstream of the PS B biosynthesis locus of strain NCTC 9343 (Fig. 1) . The identity continues into rmlA and is 100% for 338 bp of rmlA before the two chromosomes begin to diverge. This complete divergence continues throughout the biosynthesis regions until just downstream of orf5, where the two chromosomes are 99.6% identical for the remainder of the DNA sequenced from both chromosomes (2,081 bp). To standardize the nomenclature, the polysaccharide that is synthesized from any B. fragilis strain by genes in this area of the chromosome is designated PS B. As these polysaccharides are genetically and immunologically distinct, an arabic numeral is placed after this designation; therefore, the polysaccharide synthesized by the wcf locus of NCTC 9343 is designated PS B1 and that synthesized by the 638R wcg locus is designated PS B2.
Like the NCTC 9343 wcf region, the ORFs of wcg are all transcribed from the same DNA strand, and most are tightly clustered; the exceptions are rmlA and wzx, which have a 321-bp gap between them. If transcription of the wcf and wcg regions were initiated upstream of rmlA (the first gene of each region), transcription would be driven by a promoter common to both loci.
Unlike the wcf region of NCTC 9343, which contains only genes whose products are similar to proteins involved in polysaccharide biosynthesis, the unique region of the 638R chromosome contains two additional ORFs flanking the 3Ј end of the wcg region, which may not be involved in polysaccharide biosynthesis. OrfA6 is not similar to any sequences deposited in public databases. In addition, a region of 43 bp between wcgP and orfA6 contains a 20-bp inverted repeat that may terminate transcription downstream of wcgP. OrfB6 is similar to an ORF of Azotobacter chroococcum that is not contained in a polysaccharide biosynthesis locus and whose function is unknown (3) .
Structural analysis of the two capsular polysaccharides of 638R (PS A2 and PS B2) is currently under way in our laboratory. A brief discussion of the putative gene products synthesized by the wcg locus and a prediction of some of the monosaccharides likely to be present in the repeating unit of PS B2 follows. The four genes downstream of rmlA may have been acquired from a common ancestor; the GϩC content of all these ORFs is low (averaging 29.3%) and is different from those of the ORFs immediately upstream and downstream (38.1 and 34.6%, respectively). The first and last ORFs of the four-gene block likely encode a flippase and a polymerase, respectively. These products are not similar to the flippase and polymerase of the NCTC 9343 wcf locus. Wzx contains 13 putative transmembrane regions and is similar to various other products believed to function as flippases (Table 2) . Wzy, the putative polymerase, has 11 potential transmembrane regions. Of the two ORFs between wzx and wzy, a putative function for only one of these products (WcgB) can be proposed by homology analysis. Because of its limited similarity to NodC and the presence of the conserved amino acids by hydrophobic cluster analysis (16) , this gene is designated a putative glycosyltransferase.
Three clustered genes, wcgJ to wcgL, encode products that, along their entire lengths, are highly similar to products encoded by a cluster of genes from the Staphylococcus aureus cap5 and cap8 regions (capE to capG). These Cap proteins have been predicted to be involved in the formation of deoxynucleoside triphosphate-N-acetylfucosamine (6, 15) . A fourth gene adjacent to this cluster, wcgM, encodes a product that is similar to another product encoded by the S. aureus cap region, CapL. The similarity of WcgM to putative glycosyltransferases and the detection of the mandatory conserved aspartic acid residues by hydrophobic cluster analysis suggest that this product functions as a glycosyltransferase.
WcgC and WcgD are similar over their entire length to two products of the Escherichia coli wec region (formerly rff) and the S. aureus cap region. In E. coli, these products are necessary for the synthesis of enterobacterial common antigen (ECA) and have been shown to convert UDP-N-acetylglucosamine (UDP-GlcNAc) to UDP-N-acetylmannosaminuronic acid (UDP-ManNAcA) in a two-step process (7) . WcgD is a homolog of WecB (RffE) and CapP. WecB is a UDP-GlcNAc 2-epimerase that converts UDP-GlcNAc to UDP-N-acetylmannosamine (UDP-ManNAc) (7, 14) . WcgC is a homolog of CapO and WecC (RffD). WecC has been demonstrated to have dehydrogenase activity and catalyzes the conversion of UDP-ManNAc to UDP-ManNAcA (7), one of the biosynthesis precursors of ECA. The synthesis of ECA is restored to an E. coli wecB wecC mutant by cap5O and cap5P in trans (6) .
Due to the requirement of a negatively charged group for abscess induction, the involvement of WcgC and WcgD in the production of UDP-ManNAcA (a negatively charged monosaccharide) from UDP-GlcNAc was investigated. wcgC was amplified as a 1,424-bp product with primers wcgC-F (5Ј CATAGAATTCGGCTCACCCTTTATATCCTATAC) and wcgC-R (5Ј CAGGGGATCCTTTTAATGGCTTCGGGAC). wcgD was amplified as a 1,518-bp product with primers wcgD-F (5Ј-CGAGGAATTCCTGACATTTTGGTTGTAGAGC) and wcgD-R (5Ј CCAGGGATCCGGAACAAAAACAAAAGGA CC). In addition, wcgC and wcgD were amplified as a single 2,711-bp product with primers wcgC-F and wcgD-R (Fig. 1) . The PCRs were performed by using HiFi PCR Supermix (Life Technologies, Gaithersburg, Md.) with 30 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 3 min. The reaction products were run over a nucleotide removal column, digested with EcoRI and BamHI, gel purified, and cloned into EcoRIBamHI-digested pUC19. This orientation allows for utilization of the vector-based promoter, while translation is initiated from within the cloned B. fragilis DNA. The ligations were first transformed into DH5␣, and the correct clone from each ligation was selected (pWCGC [ (7) were transformed with pUC19, pWCGC, pWCGD, or pWCGCD, and the synthesis of ECA was monitored by using the ECA-specific MAb 898 (13) . Figure 2 is a Western blot of the complementation results. Both pWCGC and pWCGCD were able to complement 21546 (wecC); however, pWCGD was not. These results demonstrate that wcgC encodes a dehydrogenase involved in the formation of UDP-ManNAcA.
wcgC alone was not able to complement 21566 (wecB wecC). The presence of wcgD in 21566 allowed a very slight amount of ECA to be produced (Fig. 2, lane 8) . This result is consistent with that obtained by Kiser and Lee, using capP (wecB homolog) for complementation of this mutant (6) . These authors attribute this ECA expression to low levels of dehydrogenase activity in 21566 that was not detected until high levels of a substrate, UDP-ManNAc, were introduced. When both wcgC and wcgD (pWCGCD) were supplied to mutant 21566, ECA synthesis was restored (Fig. 2, lane 9) . As with complementation of mutant 21566 by cap5O and cap5P, ECA was overexpressed compared to the level of expression found in the wild type and likely reflects the presence of these genes in multiple copies. As WcgC is a functional homolog of WecC, this finding shows that WcgD is a UDP-GlcNAc 2-epimerase and can replace WecB in the synthesis of ECA in E. coli. These observations strongly suggest that the repeating unit of PS B2 contains ManNAcA (a negatively charged monosaccharide).
The wcg locus contains two genes, wcgH and wcgP, whose products display significant similarity to a variety of aminotransferases. WcgH and WcgP may each transfer a free amino group (positive charge) to the repeating unit of PS B2. Since both positively and negatively charged groups are integral to the biological activity of the polysaccharides, the enzymatic activity of these putative aminotransferases will be investigated in future studies.
In addition to wcgB and wcgM, two other genes, wcgE and wcgI, may also encode glycosyltransferases. WcgE is similar to putative glycosyltransferases, and both WcgE and WcgI contain the conserved aspartate residues detected by hydrophobic cluster analysis. WcgN is similar to many products that transfer galactose to an undecaprenol phosphate carrier as the first step in subunit assembly.
The data gathered by homology and complementation analyses suggest that the subunit of PS B2 contains five sugars, including one that is likely to be ManNAcA and one that may be similar to N-acetylfucosamine. The demonstration of dehydrogenase activity and of two genes whose products are similar to various aminotransferases further suggests that the repeating unit of PS B2 may contain both positively and negatively charged groups. Elucidation of the structure of PS B2 will a The identity and similarity percentages are based on the stated amino acid region (in parentheses) of the wcg product.
provide a foundation from which to continue enzymatic analysis of various gene products of the wcg locus. Nucleotide sequence accession number. The sequence of the PS BZ biosynthesis locus of strain 638R, described herein, has been deposited in GenBank under accession no. AF125164.
